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Physics Goals at RHIC

- ldentify and study the properties
of matter (EOS) with partonic
degrees of freedom in high-energy
nuclear collisions.

- Explore the QCD phase diagram.
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Relativistic Heavy lon Collider (RHIC)

Brookhaven National Laboratory (BNL), Upton, NY

= -

“PHOBOS

- RHIC: The highest energy
SERTEET heavy-ion collider in the world!

Vsyy = 200 - 5 GeV
Au + Au, Cu +Cu, d + Au

w=@ - RHIC: The highest energy
polarized proton collider!

Vs = 200, 500 GeV

------

Y S
.‘ 2
Animation M. Lisa

Nu Xu QGP Meet’08, VECC, Kolkata, India, 25 — 27, November, 2008 4/34



|
) ~>
ceee) f SlAR Experiment
fereeer ’III
‘
N ' g . J ~ & 3 ; 4
’ ' ¢ = et L N £7 3
- L \ L2 T - 1 ‘ 3
3 e \ 75 AN ) /
{ . - S i { f
! - 5 ‘/’ = TR : f [
S H 4 Gae
| y,
¢
a» L < « 4
~ b/ o o . 2
] \ )
-
P
a {
"1 . < &, e ®
L S N L ‘ g 2
/ —
—y
—— %

SASNUIRRRR]

e,
bt L L LR B E v ay ey p y
-

i
e |

=&




2l STAR Physics Focus

s ~

3 g oy 1) Heavy-ion program at top energy

= M cilpoin? - Study medium properties, EoS

: ol \ Hadronof”%%' - pQCD in hot and dense medium

§ % & k.

) ) / % | 2)RHICbeam energy scan

)l -l e - Search for critical point
. et banvonensity - Chiral symmetry restoration
p
¢ . .
- Polarized spin program
\) Seer \) - Study proton intrinsic properties
.
\ 3
~ ~
Ky
Forward program
5 k) - Study low-x properties, search for CGC
- Study elastic (inelastic) processes (pp2pp)
- Investigate gluonic exchanges
\ J
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2 STAR Detector

EMC barrel

EMC End Cap

Complete
erc ] [wec |
100% ready for run 9 " R&D ||

Full azimuthal particle identification!
v.e mMp, K K5p, @ NA = Q D N, Jy, Y ...
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= STAR Detector
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STAR Detectors: rui2r particie identification!

TPC

TOF

HFT

EMC+EEMC+FMS
(-1sn<4)

HLT

DAQ1000
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BERKELEY LAB

Particle Identification at STAR
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Neutral particles Strange

p (GeVic)

1.2¢pr<14 GeVic

L 1

|

g By e
p(GeVic)

Jets

hyperons

TPC

ToF TPC

K -8% 170
S| K+8% 70|,

—e-8%170 [
e +8% I70
J—p -8% 170
Y —p +8% 170
— 1-8% I70
— 1 +8% 170

STAR HFT

Heavy Quark
Hadrons

Multiple-fold correlations among the identified particles!
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>
Reconstruct particles in full azimuthal acceptance of STAR!
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Collider AcceEtance

Vsyn = 9-2 GeV Au+Au Collisions at RHIC

4
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" STAR Preliminary 35

o L T I ) G Wl A Tl

n[TTT T[T [T T[T T[T [T T[T

K

. "AutAu 9.2 GeV

.STAR Preliminary

p

3.5

Au+Au 9.2 GeV

- STARPreliminary

[TTT T[T [T [T [TI T TIT T TT7T

ST

p
X

=l e "
n i
Sl

ol 3.
E :"153—

(- E

(O] 3
O e
= c
O

0.5 0.
rapidity

U‘_

2 2 : 2
Pions - Kaons - protons
..... 1.5} LSl SRR
o ST .
- i 2gag:l - =394 : |
= m - | =sOOde & = o=
" o
f ' qxgn o 0 | s OO ey 0 N - B om o= . iy

p.[GeV/c]
(o
h

Fix-target Mode NA49

0.5¢
0:

2

0.5

1.5

1

odOdoooe
-n%uunn“
= 0] O00oo
oO000000o o

od0Ooooooaos
000000000 e « - =

0

N

Nu Xu

QGP Meet’08, VECC, Kolkata, India, 25 — 27, November, 2008

12/34



{p,~> directed flow, v,

A

b >

Rapidity
z-direction
* XZ - the reaction plane | )
3 2 00
1
Ed N aN 1+ 22\/” cos[n(ep—y,)]

d’p 2 p.dpdy

v, =(cos[n(p-y,)])
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==y Vq(n): System-size Dependence

o [T LA .
& 8 - | E
\: 6 | 30% = 60% -
> N ; |
4 E
2 -
0 ;
o f [
A 200 GeV Au+Au ‘ E
- - — 200 GeV Cu+Cu NV E
6F - 62.4 GeV Au+Au &)
-8__ o — 62 4 GeV Cu+Cu 3
[ i R A I, ! AT A

-4 3 -2 -1 0 1 2 3 4
n

- Energy dependent but weak system size dependence observed.
- Model calculations do not work at forward region.
STAR: 0807.1518, PRL in print
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Q -meson Flow: Partonic Flow

0.5 S E— E— Vs, = 200 GeV *’Au + *Au Collisions at RHIC (IV)
| -oooeee Hwa&Yang (thermal) | .

—— Hwa&Yang (total) o A p+p &, NCQ-scaling fit
0.4 " 0.25 i o )
o Q/$ (0-12%) o Kg A A+A ((\\G\ =
- -40% . &’ . o
—_ " Ql(20-40%) 0.2 S ﬂ_ TEE I P S
T g4l ¢ ©/(40-60%) | R e ;
z o et %4 O <

™~ “HBo. P ... P
5 s = W o) BRI B
G A > PO Sl 2
< 0.2 ;/ ° N T + B
Z T/l' l 0.1 QOAA v i
I s © 1 ’o' . ," N
5/ ' i } { I Ny 3 Z
0.1 ‘/; 7 0.05 P o 2
& l vi ‘k B ¢ - meson g
- / 1 'A”' =
00 - s | , . | 0 )
2 4 6 0 1 2 3 4 B b
Transverse momentum p_(GeV/c) Transverse momentum p. (GeV/c)

“p-mesons are produced via coalescence of seemingly thermalized quarks
in central Au+Au collisions. This observation implies hot and dense matter
with partonic collectivity has been formed at RHIC”

STAR: Phys. Rev. Lett. 99 (2007) 112301// * STAR, Duke, TAMU
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Centrality Dependence v,

STAR: Phys. Rev. C77. 54901(2008)

200 GeV Au+Au

s

0-10% 10-40% 40-89%_

V2 / Spart (o/o)

I - -gn Charged hadrons

Hydro results

[x]

PT’"q (GeV/c)

O K.
n A
A g
(a)
| |
15 2 0

. 2
(m_-m)in_(GeV/c?)

Number of Participants Np

S. Voloshin, A. Poskanzer, PL B474, 27(00).
D. Teaney, et. al., nucl-th/0110037

400

art

> NO ¢

> Larger v,/e,indicates stronger flow in more central collisions.
scaling.
» The observed n-scaling does not necessarily mean thermalization.
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p+p and Au+Au collisions at 200 GeV

3 5 _ 2 .
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=21 f Hadron Spectra from RHIC

A 0-5%

more central collisions

[ 2 2
My =+ Ppr +m

f x exp(—mT/nlope)

Multi-strange hadron spectra are exponential in shape.

STAR white papers - Nucl. Phys. A757, 102(2005).
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BERKELEY LAB

&N/ (2n p; dp,dy) (GeV/c)®

~

¢ -mesons and Strange Baryons

STAR: PRL. 99 (2007) 112301 Phys. Rev. Lett. 98, 62301(2007)
1°§ L T T I T T T T ‘ ‘ T T T T T 1.
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-15 - 1 | | 1 1 | | | 1 -
0 1 2 3 & 35 e 1 2 3 45 6 1 2 3 4 5 1 2 3 4 5
Transverse momentum p(GeV/c) Transverse momentum p, (GeV/c)
ssbar fusion = ¢-meson formation!
STAR: Phys. Lett. B612, 81(2005)
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2 The s- and d-quark Spectra

I—-I - T T | T I I T I | I I I I ]
g - cpye NG with Fries’ model (T, =170 Mev) Q( Pr / 3)
—_ - = \Mr _ T S —
— e = Vi(d)=0.36 +0.02¢ |
Ei I q)(pT) x2indf = 26.6/41 - ¢( Pr / 2)
e V4(s) = 0.43 + 0.03¢ )
2 10" £ x2ndf=11/12 3 = 3
% - (Q+Q . d = (pT )
— 2 =l
2 — ¢(pr/2)
102 £ % . -/ Assuming that the process of
C o 0-5% 1NN 1 hadronization follows coalescence
[ 0 20-40% ? ‘ ]2
I ) % ,, | - parton spectra
s 40'6°/°¢(p ) - ‘partonic collective flow’
10° | o /3); T E velocity ~ 0.35-0.45 ¢
— T T —
B | | | | | | | | | | | | | | |
0 0.5 1 1.5 2 JinHui Chen: SQMO08
f. Phys. Rev. C78 (2 4907
pT/nq (GeV/c] c.f. Phys. Rev. C78 (2008) 03490
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=5 otrangeness Enhancement - ¢
STAR: arXiv 0810.4979 200 GeV collisions
£\ Sy = 200 GeV = :
A ::N AL Ce c ] - The multi-strange baryons
= + u+GLu - . — .
o o1 =a 1 BE productions E, Q are enhanced in
—~ 5, _ ok & = heavy ion collisions compared to
Q :_ A YELE s [ _: . . .
= 4f rl 1 I = that of in p+p collisions
5o 3 Pt
[ = d - = .
£a F [3L¢ oae BIT 3 - The ¢-meson productions are
% 2F { ]A 1 ap 17l | :
S ) S SO 3 also enhanced, but may be with
ZS 5\ Sy = 62.4 GeV o - =
V[ OAuAu : The (strangeness) enhancement
3 #cucy : is NOT due to CE suppression!
——— H .
< - -]
< 3\ Sy = 200 GeY | ,
E :_ L) Au+Au (] o -
g * Cu+Cu l. dq K s 507 STAR:
o E Sub. to Phys Lett. B, 2008
L - PRL. 98 (2007) 062301 (nucl-ex/0606014)
1 2 345 10 20 100 200 - nuct-ex/ 0703033
Average Number of Participating Nucleons <Npan> - nucl-ex/ 0705.2511

1
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STAR: sub. to PRL, arXiv: 0805.0364

& 10L ©PHENIX Cu+Cu 0-60%/ PHENIX p+p

Heavy flavor hadrons freeze-out

earlier than light flavor (u,d,s)
hadrons

RAuAu / dAu

T T T T T ]
1.8 on TOF PR, (0-12%) —
= i [l TOFe R, (0-12%) R
1.6 - = T;,=220 MeV, < >=0.24 (CH)|
- —— T;p=134 MeV, <$ >=0.476 (Q) -

t
=== Ty,=100 MeV, 45l>=0.6 (LH)

x-sec uncertainties

fit parameters 1-C
N,;, error (0-12%)

~__ - c+bcoll.

c+b reso.+frag.

\\l\l\]

— T,,=129 MeV, < >=0.477 (¢) __|

dAu sys. error

[

N IR

=T Open Charm and Jhp RyA(p1)

EEEEEEEEEEE

M STAR Cu+Cu 0-60%/ STAR p+p

C ® PHENIX Cu+Cu 0-60%/ STAR p+p
- OPHENIX Cu+Cu 0-20%/PHENIX p+p
| mPHENIX Cu+Cu 0-20%/ STAR p+p
— Two Component Approach, Cu+Cu 0-60%
| —Two Component Approach, Cu+Cu 0-20%

\]sNN=ZOOGeV N
I~ STAR Preliminary

| | | | | | | | |
0o 1 2 3 4 5 6 7 8 9 10
Transverse momentum P, (GeV/c)

STAR Preliminary:

The Cu+Cu data consistent with

no suppression at high py:
Raa(pr> 5 GeV/c)=0.9+0.2

04 N
oal- R - Low-p; R, ~ 0.5-0.6 (PHENIX)
oLL 1 L L i - Most models expect Ry, to
p, (GeV/c) decrease at high p.
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The Ridge from RHIC

Jet T~ Ridoe

~
o

(40
o
el Las iy

#entries
t F =N g F =N
b ¢

Bulk Medium

! “’\--.

.
T Pl
7~ -
-1 ™ <
0 iy o' el
7 .05
1 g S el .

49 2 74T >

STAR: J.Putschke, J.Phys.G34:5679 (07)

Rich underlying physics: initial condition, jet, bulk, jet-medium interaction*,

medium responses,...
N. Armesto et al.; R. Hwa; T. Kodama*, A. Majumder, et al.; E. Suryak; S. Voloshin; C.Y. Wong

'
Nu Xu QGP Meet’08, VECC, Kolkata, India, 25 — 27, November, 2008 22/34



= Ridge: NEXUS + Hydro

| Ancorrelations |

0.35
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w

0.25

e
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0.15

e
-

0.05

O

| A ¢ correlations |

Jun Takahashi, RANP 2008

“Ridge:

T caused by interactions of
i the initial energetic leading
“F particle with the hot/dense

medium.”
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| Mach-Cone

(b]

penclration slage

IIIIIY[fm]
P WwNN = O =N WA O,

$5-4-3-2-1 0123 4 65
X [fm]

- Mach shock waves: .. Hofmann, H. Stocker, U. Heinz, W. Scheid, W. Greiner
Phys. Rev. Lett., 36, (76)

- In high-energy nuclear collisions, a useful tool to analyze
the interaction between energetic jets and hot/dense
medium in order to extract the properties of the medium.

- Model predictions: hydrodynamic, QCD, transport, Ads/CFT
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Search for Mach Cone

STAR: sub. to PRL, arXiv: 0805.0622

\fnear
b v &

away
deflected jets

i

Conical Emission

with Three Particle Correlations

P4

"1 0 1 2 3 4 5

A

A . . . Au+Au

(0-12%)F "%
o ® @ i £
:ET 2

cos9-Mach / D /e Evidence of conical

emission ...”
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sQGP and the QCD Phase Diagram

In 200 GeV Au+Au collisions at RHIC, strongly
interacting matter formed:

- Jet energy loss: R,

- Strong collectivity: vy, v,, v,

- Hadronization via coalescence: n. -scaling

Questions:

Is thermalization reached at RHIC?

- Systematic analysis with dN/dp; and dv,/dpresults...
- Heavy quark measurements

When (at which energy) does this transition happen?
What does the QCD phase diagram look like?
- RHIC Beam Energy Scan / (CBM)

Nu Xu QGP Meet’08, VECC, Kolkata, India, 25 — 27, November, 2008 26/34



= Quark Masses
: t 1) Higgs mass: electro-weak
Higgs Vacuum o] symmetry breaking. (current
10 5|  Electroweak symmetry breaking
< quark mass)
g 2) QCD mass: Chiral symmetry
~= 10* b breaking. (constituent quark
ﬁ c © mass)
S (0]
-
= s => New mass scale compared
S . @ to the excitation of the
28 system.
fo)
L 10 d QCD Vacuum .
i@ T => Importapt tool for studying
u properties of the hot/dense
1 medium at RHIC.
2 3 4 5
1 10 10 10 10 10
Total quark mass (MeV) => Test pQCD predictions at
RHIC.
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Charm Hadron v, and R,

200 GeV Au+Au Coliisions at RHIC ' 200 GeV Au+Au Coliisions at RHIC

( D% 500M minimum bias events; lyl<0.5)

Hydro model prediction
(mass(D®) = 1.86 GeVic?) .
N,;, scaling

e ++t(c) o
."‘..' +

Charge hadron R,

0.1 O Expected errors on R,(D°)

—
X
~—
N
>
| —
O
—
()
£
©
-
)
o
>
Q.
o
-
O
2
C
<

0 2 4 6 8 10
Transverse momentum p; (GeV/c) Transverse momentum p.. (GeV/c)

- 200 GeV Au+Au m.b. - 200 GeV Au+Au m.b.

collisions (500M events). collisions (Jy|<0.5 500M events)
- Charm hadron collectivity = - Charm hadron R,, =

drag/diffusion constants =

- Energy loss mechanism!
Medium properties! - QCD in dense medium!
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Early Universe
1 £ Future LHC Experiments

The Phases of QCD

l Current RHIC Experiments

(O]

—

>

—

®©

—

(]

Qo
5
=

Critical Point

Hadron Gas Superconductor

Nuclear /
Matter Neutron Stars

900 MeV
Baryon Chemical Potential

STAR’s plan:

run10: RHIC Beam Energy Scan
run11: Heavy Quark measurements

Nu Xu

- LGT prediction on the transition
temperature, T, ~ 170 MeV.

- LGT calculation, universality, and
models point to the existence of
the critical point on the QCD phase
diagram* at finite baryon chemical
potential.

- Experimental evidence for either
the critical point or 1st order
transition is important for our
knowledge of the QCD phase
diagram*.

* Thermalization is assumed

Stephanov, Rajagopal, and Shuryak, PRL 81, 4816(98)

Rajagopal, PR D61, 105017 (00)
http://www.er.doe.gov/np/nsac/docs/Nuclear-
Science.Low-Res.pdf
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= Au + Au Collisions at 9.2 GeV

BERKELEY LAB

-3

x10
1) ~ 3500 collisions collected oor- %  AutAU9:2GeV
2) Determine Luminosity gzzz: ‘ :ﬂ;:
3) STAR has preliminary results on: | ,,."
Particle identification in TPC; charged 50-03; N __ i
multiplicity, -t interferometry, particle 002 ;‘STARMWW
spectra and ratios; v, and v, 3 |

-1.5 -1 -0.5 0 0.5 1 1.5 2
Charge x Momentum (GeV/c)

PID will be further significantly extended using full TOF. Lokesh SQM08
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|dentified Hadron Spectra at mid-
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Observable I: Quark Scaling
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=) Observable II: x,, Xs

BERKELEY LAB
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STAR Physics Focus
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Beam energy scan:

Search for the QCD phase boundary and
the possibly critical point
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1) Heavy-ion program
- Study medium properties, EoS
- pQCD in hot and dense medium

2) Beam energy scan at RHIC
- Search for critical point
- Chiral symmetry restoration

leavy quark v, and Ry,:

Thermalization and EoS parameters



